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The functions of most of the 12 subunits of the RNA polymerase II
(Pol II) enzyme are unknown. In this study, we demonstrate that
two of the subunits, hRPB2 and hRPB10a, mediate the regulated
stimulation of transcription. We find that the transcriptional coac-
tivator BRCA1 interacts directly with the core Pol II complex in vitro.
We tested whether single subunits from Pol II would compete with
the intact Pol II complex to inhibit transcription stimulated by
BRCA1. Excess purified Pol II subunits hRPB2 or hRPB10a blocked
BRCA1- and VP16-dependent transcriptional activation in vitro
with minimal effect on basal transcription. No other Pol II subunits
tested inhibited activated transcription in these assays. Further-
more, hRPB10a, but not hRPB2, blocked Sp1-dependent activation.

Regulation of class II gene expression in eukaryotes involves
a myriad of transcription factors and protein complexes that

ultimately exert control over the enzymatic activity of the
multisubunit RNA polymerase II enzyme (Pol II). Pol II and the
general transcription factors bind to template DNA in a sequen-
tial fashion before the initiation of transcription to form a
preinitiation complex (1–3). The process is more complex be-
cause Pol II also exists in a preformed complex known as the Pol
II holoenzyme, which contains general transcription factors,
mediator and SRB proteins, chromatin remodeling factors, and
coactivators such as BRCA1 and CBP (4). Further, regulated
transcription requires promoter-specific DNA-binding factors to
target stimulation of specific genes and multiple other factors
that function in the gene activation process (5, 6).

Although hundreds of polypeptides orchestrate gene expres-
sion in the nucleus, the mass of a protein required to catalyze a
DNA-dependent RNA synthesis is not excessive. Indeed, a single
99-kDa polypeptide, such as the bacteriophage T7 RNA poly-
merase, is sufficient to catalyze promoter-dependent RNA po-
lymerization (7). Bacterial RNA polymerase consists of an
enzymatic core of three subunits (a2bb9) and a variable speci-
ficity factor (s) that selects for various classes of promoters.
Promoter-specific activators primarily interact with the a and s
subunits, although all four subunits can be targets (8–12). By
analogy, some of the many subunits of the eukaryotic RNA
polymerase would also be targets for activators.

Human Pol II consists of 12 subunits (see Table 1 and ref. 14).
Several subunits are homologous to prokaryotic subunits, and
presumably function similarly. The two largest subunits, hRPB1
and hRPB2, are homologues of the prokaryotic b9 and b subunits
that bind DNA and nucleotide triphosphate substrate, respec-
tively (15). hRPB3 contains some sequence similarity to a, and
likewise contributes to core Pol II assembly. Analysis of indi-
vidual Pol II subunits in yeast has revealed a role for a number
of Pol II subunits in polymerase assembly (16–20), elongation
(21, 22), and accurate initiation of transcription (23–25). How-
ever, only the C-terminal domain of RPB1 and the full-length
polypeptides of RPB5 and RPB7 have been shown to function in
the stimulation of transcription from specific promoters (26–29).

Here we demonstrate that two of the subunits of Pol II
mediate the stimulation of transcription from a subset of gene

activators. We find a direct interaction between the transcrip-
tional coactivator BRCA1 and core Pol II, and we demonstrate
a role for two subunits, hRPB2 and hRPB10a, in BRCA1- and
VP16-dependent stimulation of transcription. In contrast,
hRPB10a, but not hRPB2, mediates Sp1-dependent activation
in vitro.

Materials and Methods
In Vitro Binding Assay. Expression of BRCA1(1,560–1,863) protein
fused to the biotin-binding PinPoint domain has been described
(30). Bacterial lysates were incubated with 10 ml of Dynabeads
M-280 Streptavidin for 3 h at 4°C. The beads were washed three
times in 0.25 ml of buffer H (20 mM TriszOAc, pH 7.9y1 mM
EDTAy20% glycerol) containing 750 mM KOAc, 0.5% Nonidet
P-40, 0.2 mgyml BSA, and 1 mM DTT. Binding of equal amounts
of PinPoint fusion proteins was verified by immunoblot analysis
using a streptavidin-horseradish peroxidase conjugate. Purified
calf thymus Pol II (31) was added in the same buffer except
containing 75 mM KOAc and was incubated overnight at 4°C.
The beads were washed again in the same buffer containing 750
mM KOAc and were resolved by SDSyPAGE. Samples were
transferred to nitrocellulose, were probed with a Pol II-specific
antibody (31), and were visualized by chemiluminescence.

Plasmid Templates. G-less cassette construct G5-E4 contains five
GAL4 DNA-binding sites and the adenoviral E4 promoter
upstream of a 380-base DNA sequence that lacks guanosine in
the coding strand from the start site. SV-MLP contains the SV40
21-bp repeat region found in the 40–117 sequence of the SV40
promoter (GenBank accession no. J02400; gift of M. Timmers;
Utrecht University, Utrecht, The Netherlands) and the adeno-
viral major late promoter upstream of the same G-less cassette.
Reactions including BRCA1 or VP16 contained the G5-E4
template; Sp1 reactions contained the SV-MLP template. All
reactions contained the internal control template pDML-200,
which consists of core adenoviral major late promoter upstream
of a shortened 210-base pair G-less cassette.

Cloning, Mutagenesis, and Expression of hRPB Subunits. For nomen-
clature of the RPB subunits, refer to Table 1. The cDNAs for the
hRPB7 and hRPB4 were kindly provided by E. Golemis (Fox
Chase Cancer Center, Philadelphia). The cDNAs for the re-
maining nine human RNA polymerase II subunits were cloned
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from human cDNA libraries by using PCR and appropriate
primers based on the published sequences, as described previ-
ously for hRPB5, hRPB8, and hRPB6 (32). PCR-generated
fragments encoding the full-length subunits or their deletion
mutants were cloned into pGEX-2TJL1 (a derivative of the
pGEX-2T vector containing a modified polylinker). Mutants
hRPB10a (19, 22)A, hRPB10a (34, 38)A, and hRPB10a (36)A
were created by site-directed mutagenesis (GeneEditor, Pro-
mega). hRPB10a truncation mutants were generated by PCR
and were cloned into pGEX-2TK. All constructs were verified by
DNA sequencing. Glutathione S-transferase (GST)–hRPB fu-
sion proteins were expressed in BL21 (DE3) cells (Novagen),
were purified on glutathione-agarose beads, and were eluted
with glutathione according to the manufacturer’s protocol (Am-
ersham Pharmacia).

Transcription Reactions. Human recombinant Sp1 was obtained
from Promega. The purification of all other transcription factors
used in this study has been described previously (33). Reactions
were performed in 25-ml volumes containing 20 mM
HepeszNaOH (pH 7.9), 20% glycerol, 1 mM EDTA, 6 mM
MgOAc, 90 mM KOAc, 3 mM DTT, 4 mM ZnSO4, 0.2 mgyml
BSA, 100 mM each ATP and UTP, 2.5 mM CTP, 0.5 mM
a32P-CTP, 50 mM 39-OMe-GTP, and 30 ng of each template.
Proteins included were 100 ng of TFIIA (34, 35), 60 ng of TFIIB,
4 ng of TFIIE, 100 ng of TFIIF, 40 ng Pol II, 0.25 ml of
immunoaffinity-purified TFIID (36), and 0.5 ml of TFIIH frac-
tion. Twenty nanograms of GAL4-BRCA1 or thirty nanograms
of GAL4-VP16 were added as indicated, with one hundred
nanograms of PC4 (37, 38). Reactions containing Sp1 (1 ml) were
supplemented with 0.5 ml of USA fraction derived from the high
salt elution of a nuclear extract that was applied to a phospho-
cellulose column (5). Three hundred nanograms each of GST-
hRPB3 to hRPB11 and twelve hundred of GST-hRPB2 polypep-
tides were added as indicated. The reactions were incubated at
30°C for 90 min and were terminated by the addition of 0.2 ml
of solution containing 7 M urea, 1% SDS, 10 mM EDTA, 0.35
M ammonium acetate, 0.1 M LiCl, 0.1 mgyml tRNA, and a
radioactive 550-nucleotide RNA recovery control (not shown in
figures). Reactions were extracted in phenol, were precipitated
in ethanol as per standard procedures, and were subjected to
electrophoresis on 6% polyacrylamide gels containing 8.3 M
urea. Dried gels were exposed to film, generally for 16–24 h, and
were quantified by using a PhosphorImager (Molecular Dynam-
ics). Activation was measured as the ratio of RNA product of the
G5-E4 or SV-MLP template to the RNA product of the DML-
200 template, all divided by the same ratio in control reactions
that lacked activator. Staged initiation reactions were performed
as described above except nucleotide triphosphate concentra-
tions were 100 mM ATP and 0.5 mM a32P-CTP. This permits

synthesis of only the first seven phosphodiester bonds at the
G5-E4 start site. After incubation at 30°C for 45 min, the
reactions were supplemented with an additional 100 mM each
ATP, UTP, and CTP, 50 mM 39-OMe-GTP, and 6 mM MgOAc
and incubated for another 45 min. Addition of excess CTP at this
step prevents labeling of newly initiated transcripts.

Results
BRCA1 Binds Core Pol II Enzyme in Vitro. The carboxy-terminal
domain of BRCA1 (amino acids 1,560–1,863) functions as a
transcriptional activator in vivo when fused to a GAL4 DNA-
binding domain (39–41). Recently, we reconstituted activation
of transcription in vitro by GAL4-BRCA1 in reactions contain-
ing purified transcription factors (33). Whereas we have shown
that BRCA1 interacts with the Pol II holoenzyme in cells (41,
42), this cell-free transcriptional regulation by BRCA1 functions
with core Pol II. We examined, using an in vitro binding assay,
whether BRCA1 interacts directly with the core Pol II enzyme
using a fusion protein of BRCA1(1,560–1,863) and purified calf
thymus Pol II. Pol II bound directly to BRCA1(1,560–1,863), but not
to the fusion partner alone (Fig. 1). Binding of core Pol II to the
inactivating point mutant BRCA1(1,560–1,863) M1775E was dimin-
ished by about 10-fold (Fig. 1), suggesting that the interaction
between the BRCA1 carboxy terminus and core Pol II is specific.

Pol II Subunits hRPB10a and hRPB2 Function in BRCA1-Dependent
Transcriptional Activation. We hypothesized that, if the activation
of transcription by BRCA1 depended on contacts with the
12-subunit core Pol II complex, activated transcription will be
specifically inhibited by the addition in excess of single Pol II
subunits. The standard transcription assay includes two tem-
plates, one that encodes a 380-nt RNA and contains GAL4 DNA
binding elements and a second template lacking GAL4 sites that
generates a 210-nt RNA that controls for nonspecific effects on
transcription. In the absence of added Pol II subunit, the BRCA1
fusion protein activated transcription of the 380 nt RNA about
eight-fold (Fig. 2A, compare lanes 1 and 2). Purified human Pol
II subunits hRPB3 to hRPB11 fused to glutathione S-transferase
(GST) were added in excess in Fig. 2 A, lanes 3–12. Most
subunits, when added to reactions in excess, had no effect on
either activated or basal transcription. In contrast, addition of
hRPB10a selectively inhibited BRCA1-activated transcription,
with a minimal effect on basal transcription (Fig. 2 A, lane 10).
hRPB3 inhibited both stimulated and basal transcription, result-
ing in no net change in activation (Fig. 2 A, lane 3). The effect

Table 1. Human Pol II subunits

Subunit Mass, kDa Saccharomyces cerevisiae

hRPB1 220 B220
hRPB2 140 B150
hRPB3 33 B44
hRPB4 16.3 B32
hRPB5 25 ABC27
hRPB6 14.4 ABC23
hRPB7 19 B16
hRPB8 17 ABC14.5
hRPB9 14.5 B12.6
hRPB10a 7.0 ABC10a

hRPB10b 7.6 ABC10b

hRPB11 14 B12.5 Fig. 1. BRCA1 binds core Pol II in vitro. Purified calf thymus Pol II was
incubated with PinPoint protein (pp; lane 2) or PinPoint-BRCA1 fusion pro-
teins (lanes 3 and 4) immobilized on streptavidin beads. After washing in
buffer containing 750 mM KOAc and 0.5% Nonidet P-40, bound proteins were
resolved by SDSyPAGE and were visualized by immunoblot analysis using a Pol
II RPB1-specific antibody. Lane 1 represents 10% of total Pol II in binding
reactions.
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of inhibition by GST-hRPB10a could be titrated with little effect
on the accumulation of basal transcript (Fig. 2B). Full inhibition
of activated transcription was observed using 300 ng of GST-
hRPB10a, a 125-fold molar excess relative to Pol II.

To test the specificity of hRPB10a function in activated
transcription, we generated site-specific and truncation mutants
of the 58 amino acid hRPB10a. Mutant hRPB10a did not inhibit
GAL4-BRCA1-dependent transcription, suggesting that regu-
lation of transcriptional activation is a function of the wild-type
protein (Fig. 3). For example, cysteine-to-alanine substitutions
in a zinc finger motif (Fig. 3A, lanes 4 and 5) or disruption of a
putative Rb binding motif (Ile-X-Cys-X-Glu; Fig. 3A, lane 6) had
no effect on activated transcription. Because there was no Rb
protein in the reaction, it is likely that the altered residues of the
Rb-binding motif disrupt the native conformation of the
polypeptide. Truncation mutants of hRPB10a similarly did not
inhibit transcriptional activation (Fig. 3B). One truncation,
hRPB10a(11–58), which did not modify any obvious structural
motifs (Fig. 3C), nonspecifically inhibited both activated and
basal transcription (Fig. 3B). The loss of function by hRPB10a
mutants in this assay system supports a specific role for this
subunit in activated transcription.

The 140-kDa hRPB2 polypeptide was divided into four frag-
ments and was assayed for inhibition of BRCA1-dependent
activated transcription (Fig. 2C). Similar to the hRPB10a sub-
unit, hRPB2(315–606) specifically inhibited activated transcription
(Fig. 2C). Full inhibition of activated transcription was observed
by using 1,200 ng of GST-hRPB2(315–606), a 250-fold molar excess

relative to Pol II. We suggest that excess subunit, or subunit
fragment, is necessary because the local concentration of indi-
vidual GST-fused Pol II subunits at the promoter is expected to
be lower than that of DNA-tethered transcription factors and
intact core Pol II. Neither hRPB10a nor hRPB2(315–606) inhib-
ited the interaction of the GAL4 DNA binding domain with its
binding site in electrophoretic mobility shift assays (data not
shown). This indicates that the specificity of inhibiting the
GAL4-stimulated transcription is not explained by blocking the
DNA binding of the activator.

Staged Initiation of Transcription. hRPB10a had no effect on the
accumulation of the 380-nt transcript in the absence of added
activator (data not shown), suggesting that this inhibition was not
attributable to a selective inhibition of transcriptional elonga-
tion. To test whether the inhibition of transcriptional activation
by hRPB10a or hRPB2 functioned at a particular stage of the
transcription cycle, an experiment was designed to separate the
transcription reaction into initiation and elongation phases. By
excluding the nucleotide triphosphate UTP, only the first seven
nucleotides would be incorporated into the nascent transcript
(see Materials and Methods). Subsequent addition of UTP
permits elongation of previously initiated transcripts. Addition
of excess unlabeled CTP at this elongation step prevents visualiza-
tion of newly initiated transcripts. When GST-hRPB2(315–606) and
GST-hRPB10a are included in the reactions before initiation of
RNA synthesis, BRCA1-dependent activation is blocked (Fig. 4,
lanes 3, and 5), consistent with a role for both subunits in initiation

Fig. 2. Pol II subunits hRPB10a and hRPB2 mediate BRCA1-dependent transcriptional activation. All reactions contain purified basal transcription factors, the
coactivator PC4, and core Pol II in the absence or presence of GAL4-BRCA1. Individual Pol II subunits fused to GST were added as indicated. Transcription from
the GAL4-dependent template resulted in the accumulation of 380-nucleotide RNA (stim.), and transcription from a control template lacking GAL4 response
elements resulted in accumulation of 210-nucleotide RNA (basal). The relative increase in transcription upon addition of activator, quantified by using
PhosphorImager analysis, is indicated by black bars under each lane. For comparison, the activation in lane 2 of A (absence of added Pol II subunit) is eight-fold.
(A) Inhibition of BRCA1-dependent stimulation of transcription by 300 ng of GST fusion of each hRPB3 to hRPB11 (lanes 3–12). (B) Titration of RPB10a results
in an incremental decrease in BRCA1-stimulated transcription. GST-hRPB10a was included in reactions at 75 ng (lane 3), 150 ng (lane 4), and 300 ng (lane 5). (C)
Inhibition of BRCA1-dependent transcriptional activation by hRPB2 peptides. Twelve hundred nanograms of each fragment were added as indicated. (D)
Titration of hRPB2(315–606) results in an incremental decrease in BRCA1-stimulated transcription. GST-hRPB2(315–606) was included in reactions at 300 ng (lane 3),
600 ng (lane 4), and 1,200 ng (lane 5).
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of transcription. GST-hRPB10b was included as a negative control
(Fig. 4, lanes 7 and 8). When GST-hRPB2(315–606) and GST-
hRPB10a are added after initiation has already occurred, these
subunits have minimal effect on transcriptional elongation. (Fig. 4,
lanes 4 and 6).

VP16- and Sp1-Dependent Transcriptional Activation. To test whether
inhibition of transcriptional activation by hRPB10a or hRPB2 was
specific to BRCA1, GAL4-VP16 and Sp1 were tested for the effects
of hRPB subunits. Activation of transcription by GAL4-VP16 was
inhibited by both hRPB10a and hRPB2 (315–606) (Fig. 5). No
other Pol II subunits inhibited VP16-dependent activation in this
assay. Sp1 did not activate transcription from the appropriate
GC-box containing template under the same conditions as used for
GAL4-BRCA1 and GAL4-VP16. Instead, a relatively crude frac-
tion containing the USA activity (5) and that contains the Sp1-
specific coactivator CRSP (43) was included in transcription reac-
tions. Sp1-dependent activated transcription was inhibited by GST-
hRPB10a, and no new interactions with other Pol II subunits were
revealed in this the assay (Fig. 6A). In contrast to the case with
BRCA1, none of the hRPB2 peptides inhibited the Sp1-activated
transcription (Fig. 6B). Titration of either hRPB2(315–606) or
hRPB10a into Sp1-dependent activation reactions confirms that
only the latter inhibited the Sp1-activated RNA synthesis with little
effect on the accumulation of the basal control transcript (Fig. 6C).

Discussion
In these experiments we find that individual Pol II subunits mediate
template-specific activation of transcription. There is a direct
interaction between the activation domain of BRCA1 and core
mammalian Pol II. Analysis of the individual subunits in binding
assays similar to that in Fig. 1 was complicated by nonspecific
binding of many subunits (data not shown). Instead, roles for
individual subunits can be demonstrated in a functional assay in
which an excess of a single subunit inhibits the activated portion of
a transcription reaction with minimal effect on basal transcription.
The repression with these Pol II subunits likely reflects positive
interactions between the Pol II subunit and activator that are
inhibited by squelching. Polymerase subunit hRPB10a, when pro-

Fig. 3. Mutant forms of hRPB10a do not mediate BRCA1-dependent acti-
vation. All reactions contained the general transcription factors, PC4, and Pol
II in the absence or presence of GAL4-BRCA1. (A) Inclusion in reactions of
site-specific mutants of hRPB10a that disrupt the zinc finger motif (lanes 4 and
5) or an Rb-binding motif (lane 6) do not inhibit BRCA1-dependent activated
transcription. (B) Inclusion in reactions of hRPB10a truncation mutants that
disrupt the zinc finger motif (lanes 4 and 5) or a highly basic region (lanes 6 and
7) do not inhibit BRCA1-dependent activated transcription. The hRPB10a(11–58)

truncation mutant does not delete an obvious structural motif, but cannot
specifically inhibit BRCA1-dependent activated transcription (lane 8). (C)
Amino acid sequence of hRPB10a, with the zinc finger (Cys-X3-Cys-X13-Cys-X3-
Cys) motif enlarged and the Rb-binding motif underlined.

Fig. 4. Pol II subunits hRPB2 and hRPB10a mediate BRCA1-dependent tran-
scriptional activation before initiation. All reactions were performed as in Fig. 2
except that UTP was excluded, stopping synthesis of the nascent transcript after
incorporation of seven nucleotides. Individual Pol II subunits in concentrations
identical toFig.2wereaddedconcurrentwith initiationofthereaction(I),or later
upon resumption of transcript elongation by the addition of UTP (E).

Fig. 5. Pol II subunits hRPB10a and hRPB2 mediate VP16-dependent tran-
scriptional activation. All reactions were performed as in Fig. 2 except that
GAL4-VP16 was used as an activator. (A) Effect on VP16-dependent activated
transcription by hRPB3 to hRPB11. For comparison, the activation in lane 2
(absence of added Pol II subunit) is 12-fold. (B) Effect on VP16-dependent
activated transcription by hRPB2 peptides.
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vided in excess, can specifically inhibit BRCA1-, VP16-, and Sp1-
dependent activated transcription when assayed in vitro, with min-
imal effect on basal levels of transcription. It is possible that
inhibition is caused by interactions of buried surfaces of Pol II
subunits that do not normally occur in the context of the native
transcription complex. However, hRPB10a mutants do not block
activated transcription in this assay, suggesting that wild-type
hRPB10a in the core Pol II complex mediates the activation of
transcription by these activators. To our knowledge, this is the first
identified function for hRPB10a. In contrast to the results with the
hRPB10a subunit, the GST-hRPB2(315–606) peptide inhibits only
BRCA1- and VP16-dependent activation, implicating hRPB2 in
factor-specific activation of transcription.

The finding that hRPB10a mediates template-specific tran-
scription in all three activators tested suggests that this subunit
may in fact function in regulated transcription for many activa-
tors. Further experiments with many more activators should
determine how generally this subunit functions in regulated
transcription. This small subunit, common to all three poly-
merases, is well conserved and essential (44). The identified role

for hRPB10a in activated transcription may explain why it is
essential for viability in yeast.

The human RPB2(315–606) region is highly conserved across
eukaryotic RPB2 subunits. RPB2 mutations clustered within this
domain suppress d-element insertions in HIS4 and LYS2 promoters
in yeast, suggesting a role for RPB2 in start site selection (25). It is
unclear how this phenotype correlates with the observed role of
hRPB2 in activated transcription. hRPB2(315–606) did not inhibit
Sp1-dependent activation in this assay, but it did inhibit BRCA1-
and VP16-dependent activation. This survey of different activators
is too limited to determine whether many activators will function via
hRPB2. VP16 is a powerful viral activator for which a number of
mechanisms have been described (45), and it may usurp activation
pathways specific for endogenous transcription factors, such as
BRCA1. Alternatively, finer mapping of the hRPB2(315–606) domain
may reveal a divergence in the domains regulating BRCA1- and
VP16-dependent transcriptional activation.

RPB10a and RPB2 may now be added to a growing list of Pol
II subunits that are involved in template-specific transcriptional
regulation. RPB7 interacts with the oncogenic EWS-Fli1 fusion
protein to increase transcriptional activation in vivo (29). The
viral transactivating protein HBx interacts with RPB5 (46, 47).
Successive truncation of the C-terminal domain of RPB1 in yeast
results in the decreased transcriptional induction from multiple
genes and decreased response to specific activators (26, 27),
probably because of effects on the Pol II holoenzyme. An RPB5
point mutant similarly has decreased transcriptional induction of
multiple genes, and RPB5 and C-terminal domain truncation
double mutants are synthetically lethal, suggesting an overlap in
function for the two subunits (28). RPB5 did not inhibit activated
transcription in our assay. This may reflect species differences
because hRPB5 does not complement the yeast gene (48), or
RPB5 mutants may disrupt the Pol II holoenzyme, whereas the
assay in this study utilizes core Pol II.

Our finding that individual Pol II subunits mediate BRCA1-
dependent activation strengthens the evidence that BRCA1
functions as a transcription factor. A growing number of proteins
involved in transcription interact with BRCA1, including RHA,
p53, BARD1, CtIP, and now Pol II (41, 49–54). The in vitro
transcription assay only recapitulates a part of the process of
gene expression in the cell. It is likely that the in vitro assay is
limited by events that occur at initiation whereas in the cell Pol
II must elongate over a chromatin template and the RNA must
be properly processed. Truncated RHA protein blocks GAL4-
BRCA1-dependent transcription in cultured mammalian cells
(41) but not in the cell free assays used in this study (data not
shown). We demonstrate that hRPB2 and hRPB10a function in
the initiation of transcription, and it is possible that RHA
functions in postinitiation events. In the context of gene activa-
tion by the Pol II holoenzyme, multiple contacts by BRCA1 to
different holoenzyme components may reflect allosteric changes
in the complex during the transcription process.
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